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The Dergaon fall represents a shock-melted H4-5 (S5) ordinary chondrite which includes at least ten
textural varieties of chondrules and belongs to the high chondrule-matrix ratio type. Our study reveals
that the chondrules are of diverse mineralogy with variable olivine-pyroxene ratios (Type II), igneous
melt textures developed under variable cooling rates and formed through melt fractionations from two
different melt reservoirs. Based on the experimental analogues, mineralogical associations and phase
compositions, it is suggested that the Dergaon chondrules reﬂect two contrasting environments: a hot,
dust-enriched and highly oxidized nebular environment through melting, without signiﬁcant evapora-
tion, and an arrested reducing environment concomitant with major evaporation loss of alkali and highly
volatile trace elements. Coexistence of chlorapatite and merrillite suggests formation of the Dergaon
matrix in an acidic accretionary environment. Textural integration and chemical homogenization
occurred at w1 atmospheric pressure and a mean temperature of 765 C mark the radiogenic thermal
event. Equilibrated shock features (olivine mosaicism, diaplectic plagioclase, polycrystalline troilite) due
to an impact-induced thermal event reﬂect a shock pressure >45 GPa and temperature of 600 C. By
contrast, the local disequilibrium shock features (silicate melt veins comprising of olivine crystallites,
troilite melt veins and metal droplets) correspond to a shock pressure up to 75 GPa and temperature
>950 C.
 2016, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The Dergaon chondrite shower is one of the spectacular mete-
orite falls in Assam, Northeast India on 2nd March, 2001 at 16:40
(Shukla et al., 2005). The samples investigated in this study are part
of a thin fusion crust bearing 0.8 kg fragment recovered immedi-
ately after the fall from a village north of Dergaon and south of
Majuli island (964604800E, 264603200N). An earlier study, mostly
focussed on integrated petrology, bulk chemistry, oxygen isotopes,
noble gas, and cosmic ray track density assigned Dergaon as an H5
(S2-3) ordinary chondrite (Shukla et al., 2005). However the
anomalous low K content (w340 ppm) in Dergaon as compared to
the mean K content of 786 ppm for H chondrites (Kallemeyn et al.,
1989) remains unexplained. Further, a detailed inventory of various3; fax: þ91 79 2631 4407.
il.com (D. Ray).
of Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).
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x.doi.org/10.1016/j.gsf.2016.0chondrules in the Dergaon chondrite was not adequately high-
lighted in the light of their formation history. These points
prompted us to examine in detail the microtextures and their shock
induced metamorphism from another meteoritic fragment of Der-
gaon chondrite. Subtle changes of mineral chemistry during ther-
mal and shock metamorphism were duly considered during
interpretation of chondrule formation and shock-thermal history of
the Dergaon chondrite.2. Analytical techniques
Petrographic observations were carried out using a Zeiss
Polarising Microscope. Mineral compositions were determined
using a Cameca SX 100 electron microprobe with three wavelength
dispersive spectrometers at the Physical Research Laboratory, India.
Counting times for the elements were kept generally 10e20 s
except for Na, which was 7 s to reduce the volatilization effect.
Operating conditions were 15 kV accelerating voltage, samplection and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
rmation process and shock-thermal history of the Dergaon chondrite
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Table 1
Mineral phase compositions (mean and range given) of Dergaon chondrite.
Minerals No. of
analyses
Range Mean (S.D.)
Olivine 96
Fa (mole%) 18.73e21.43 20.28 (0.56)
Orthopyroxene 73
Fs (mole%) 16.72e22.46 17.96 (0.72)
Clinopyroxene 24
En-Fs-Wo (mole%) En36e59.6Fs2.97e
11.98Wo37.24e58.26
En46.63Fs6.74Wo47.32
Plagioclase 10
D. Ray et al. / Geoscience Frontiers xxx (2016) 1e112current 15 nA and 1 mm beam diameter. Natural mineral and metal
standards were used and the data were corrected for absorption,
ﬂuorescence and atomic number effects. Synthetic glass NIST 610
was run during certain intervals to check drift of the instrument.
The 2s error of most elements is better than 5%. Estimation of
modal mineralogy, chondrule-matrix ratio and relative abundance
of silicates, metal and sulphides was conducted from four polished
thin sections with the aid of manually operated routine point count
device under optical microscope, mosaic of Back Scattered Electron
(BSE) images and automated EPMA at 1 mm spacing, the latter
employed for the recrystallized matrix.An (mole%) 11.85e14.8 13.26
Glass 52
An-Ab-Or (mole%) 10.31e75.3 29.83
Merrillite Ca8.04Na0.86Fe0.11
Mg0.81P6.2O24
Chlorapatite Ca13.8Na0.2P4.3O25
Chromite
Cr#: Cr/(Cr þ Al) 0.83e0.85 Cr#: 0.84
Fe#: Fe/(Fe þ Mg) 0.72e0.72 Fe#: 0.72
Kamacite 21
Ni (wt.%) 3.32e7.02 6.15
Taenite 10
Ni (wt.%) 7.6e20.46 11.64
Troilite
S (wt.%) 35.78e36.50 36.27
S.D.: Standard deviation.3. Petrography and mineral compositions
The petrographic study was carried out on a dull, grayish brown,
semi-oval fragment (6 cm  4.5 cm  2 cm), covered with cherry
brown, close textured fusion crust and its interior shows distinct
chondrules in brownish recrystallized matrix (Fig. 1). The Dergaon
chondrite appears as a close-packed aggregate of a large variety of
chondrules, a few chondrule clasts and compound chondrules set
in a semi-transparent to translucent ﬁnely recrystallized silicate
matrix enriched with metal-troilite. The chondrule population in-
cludes readily delineable (47 vol.%), poorly deﬁned (38 vol.%) and
well delineated (15 vol.%) types. Porphyritic olivine (PO) and
cryptocystalline (C) chondrules are considerably larger in contrast
to small glassy (G) droplet chondrules. Radial pyroxene (RP)
chondrule clasts are most common and relatively larger in size,
whereas clasts of barred olivine (BO) and barred pyroxene (BP)
chondrules are rare.
Mineralogically the sample contains w35% olivine, w30%
orthopyroxene, 8% feldspar, 8% translucent to cryptocrystalline
glass, 5% clinopyroxene, 8%metal, 4% troilite and 2% accessories like
chromites, merrillite and chlorapatite. Chondrule-matrix ratio
varies from 60:40 to 80:20 in different regions of the thin section.
Average mineral compositions are provided in Table 1. Detailed
analyses are provided in online supplement (Supplementary
Tables 1e19).3.1. Chondrules
The Dergaon chondrite contains nearly 75% porphyritic (PO, PP,
POP, BO, BP) and w25% non-porphyritic chondrules (RP, C, G and
GP), besides sibling and independent types of compound chon-
drules (cf. Wasson et al., 1995).Figure 1. Hand specimen photograph of the Dergaon chondrite. Note the development
of a thin fusion crust.
Please cite this article in press as: Ray, D., et al., Insights into chondrule fo
(H4-5), Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.0The Dergaon porphyritic olivine (PO) chondrules are variable in
size from 3.25 mm  1.25 mm to 145 mm across with readily
delineable outline. Coarser, euhedral to subhedral olivine grains
(Fa: 19.2e20.9) are embedded in a translucent feldspathic glassy
mesostasis (An13.06e37.78Ab59.75e79.07Or2.42e3.43). However, meso-
stasis of some PO chondrules is heterogeneous and yields compo-
sitions similar to Ca-rich pyroxene (En46.6Fs7.2Wo46.2), albitic
feldspar (An13.1Ab79.1Or3.4) and their mixed varieties. High-Ca py-
roxene (En45.3Fs7.9Wo46.8) is also present as a microcrystalline
phase within the chondrule. Mesostasis to phenocryst ratios in
these chondrules vary between 50 and 90. Metal-troilite in chon-
drule occupies maximum up to 10 vol.%. One of these PO comprises
closely packed aggregates of subrounded to rounded olivine grains
with glass-rich and glass-poor mesostasis (Fig. 2b, Supplementary
Table 1).
The porphyritic pyroxene (PP) chondrules (Fig. 2c,d) with a high
phenocryst/matrix ratio are relatively less in abundance and their
sizes vary up to 1.3 mm  1.0 mm. Phenocryst of prismatic low-Ca
pyroxene (Fs16.9e17.4Wo0.8e0.9) in albitic mesostasis
(An12.7e35.4Ab62.1e85.1Or2.3e2.5) is the most common feature
(Supplementary Table 2).
The porphyritic olivine pyroxene (POP) chondrules (av. size
0.36 mm) are widely distributed with a poorly deﬁned outline
(Fig. 3a). These contain granular and fractured olivines (mean
Fa20.1), prismatic pyroxenes (mean Fs17.7) up to 1.3 mm  1.0 mm
and rarely high-Ca pyroxenes within a uniform translucent glassy
matrix of mean composition An23.8Ab72.5Or3.7 (Supplementary
Table 3).
The barred olivine (BO) chondrules are relatively rare and
generally found as clasts (Fig. 3b). Besides parallel olivine bars,
diversely oriented bars are also noticed in two chondrules (diam.
400 and 465 mm) and one of these shows a 35 mm thick olivine rim
fromwhich crystals grew inward (Fig. 3c). Olivine bars, irrespective
of their orientations and widths, are nearly homogeneous both
within the chondrule and between the chondrules (Fa19.85e20.72).
Clear transparent to microcrystalline, translucent albitic glass
(An11.9e21.5Ab77.4e85.6Or1.1e2.5) occasionally with needle-like py-
roxene crystallites constitute the mesostasis (Supplementary
Table 4).rmation process and shock-thermal history of the Dergaon chondrite
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Figure 2. Photomicrographs showing porphyritic olivine (PO) chondule with (a) sparse matrix and (b) glassy matrix. Back Scattered electron (BSE) image of porphyritic pyroxene
(PP) chondrule (c and d).
D. Ray et al. / Geoscience Frontiers xxx (2016) 1e11 3The barred pyroxene (BP) chondrule (400 mm  800 mm) occurs
as rare clasts (Fig. 4a) and includes parallel bars of low-Ca pyrox-
enes (Fs19.36Wo1.04) separated from one another with translucent
mesostasis of albitic glass (An12.3Ab85.1Or2.6). High-Ca pyroxene
grains (En48.0Fs8.0Wo44.0) are rarely noted in such chondrules
(Supplementary Table 5).
The radial pyroxene (RP) chondrules represent the most abun-
dant chondrule clasts (600 mm  520 mm) because of its larger size
(Fig. 4b). These are composed of low-Ca pyroxene (mean
Fs17.8e18.1Wo1.2e1.8) ﬁbres of variable width that appear to radiate
from one or more points close to the chondrule margin and the
ﬁbres are set in a glassy pigeonitic (mean En53.1Fs7.9Wo38.9)
groundmass (Supplementary Table 6).
The granular pyroxene (GP) chondrules, though rare, are quite
large (1.33 mm  1.00 mm) with a distinct outline. A granular
aggregate of low-Ca pyroxene (mean Fs17.29) is the major constit-
uent in association with feldspathic glass mesostasis, metal dust
and marginally distributed troilite grains (Supplementary Table 7).
The cryptocrystalline (C) chondrules (Fig. 4c) are generally
larger (average: 2.8 mm  2.4 mm) in size with delineable chon-
drule boundaries and texturally they are homophanous glass of
high-Ca pyroxene (mean En46.3Fs6.5Wo47.2) with poorly developed
low-Ca pyroxene (mean Fs18.4Wo1.06) streaks (Supplementary
Table 8).
The glassy (G) chondrules (Fig. 4d) are analogous to C chon-
drules though they differ in both texture and composition. These
are spherical shaped droplet objects that contain >90 vol.% glass orPlease cite this article in press as: Ray, D., et al., Insights into chondrule fo
(H4-5), Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.0microcrystalline mesostasis within which rare skeletal olivines
(Fa19.9e20.4) and low-Ca pyroxenes (Fs18.3e20.4Wo0.9e1.6) are present.
Mesostasis is a mixed biphase glass compositionally resolvable into
feldspathic glass (An18.3Ab75.1Or6.7) and orthopyroxene glass
(En74.5Fs22.8Wo0.03) (Supplementary Table 9).
Following Scott and Taylor (1983), the Dergaon chondrules
chemically fall under the Type II category with equal abundance of
both olivine-rich and pyroxene-rich types (Fig. 5; Supplementary
Table 10).
3.2. Chondrule mesostasis
In general, chondrule mesostasis is either translucent or,
microcrystalline but seldom opaque in nature. Depending on
textural types and cooling rates, phenocryst-mesostasis ratio
largely varies not only within a single chondrule type like PO, but
also between different types like BP, PP, POP. EPMA data at 1 mm
spot interval over the mesostasis region of different chondrules
show four distinct composition types (Fig. 6). For the majority of
chondrule varieties, mesostasis is a monomineralic feldspathic
glassy phase with variable Na and Ca content. A monomineralic
high Ca pyroxene glassy phase with low Fe content is also reported
especially for C and RP chondrules. Chondrulemesostasis is biphase
in PO chondrules with a mixture of feldspathic glass and high Ca
pyroxene glass, and in G chondrules with a mixture of feldspathic
glass, and low Ca pyroxene glass respectively (Supplementary
Table 11). These monomineralic/bimineral glassy phasermation process and shock-thermal history of the Dergaon chondrite
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Figure 3. BSE image showing (a) porphyritic olivine pyroxene (POP), (b) barred olivine
(BO), (c) oriented bar with marginal inward growth of olivine.
D. Ray et al. / Geoscience Frontiers xxx (2016) 1e114compositions of the chondrule mesostasis could be considered as a
close approximation to their bulk melt compositions.
3.3. Compound chondrules
The Dergaon chondrite shows three compound chondrules
(Fig. 7a, b), one of which is sibling PO-PO and the other two, PO-RP,
PO-BO, are independents (Wasson et al., 1995). Morphologically,
PO-PO sibling chondrule (b/a ¼ 0.6) and PO-BO independentPlease cite this article in press as: Ray, D., et al., Insights into chondrule fo
(H4-5), Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.0chondrules (b/a ¼ 0.41) are adhering types whereas PO-RP is
enveloping type with 4 > 180. An independent enveloping com-
pound chondrule of Dergaon consists of a small PO chondrule
(400 mm  280 mm) enclosed in a much larger RP chondrule
(840 mm  520 mm) with a distinct interface. Texture and phase
composition of the other independent compound chondrules re-
veals primary PO (diam. 160 mm) and adhering secondary BO
chondrule (diam. 400 mm). The secondary one is larger with a
diagnostic olivine rim (35 mm thick, Fa: 20.4), diversely oriented
olivine laths (Fa: 20.89) and one relict (?) olivine grain (Fa: 21.3)
with 1.8 to 2.5 wt.% Cr2O3 in a heterogeneous Al-rich feldspathic
glass (An 17.2 to 31.2). Primary PO shows olivine phenocrysts (Fa:
20.6) in a Al-rich (23.2 wt.%) feldspathic glassy mesostasis (An:
14.0). Interestingly, glass compositions of PO in both the indepen-
dent chondrules are feldspathic with variable Ab, An and Or com-
ponents except the RP of enveloping PO-RP chondrule
(Supplementary Table 12; Fig. 5b).
3.4. Matrix
The Dergaon chondritic matrix is a ﬁne grained disequilibrium
mixture of silicates, oxides, Fe-Ni metals, sulphides and phosphates
thermally reconstituted into a recrystallized aggregate. By contrast,
chondrule mesostasis consists of translucent cryptocrystalline sil-
icate assemblage and Fe-Ni metal dominated opaques. Opaque-
silicate ratio varies up to 18:82, whereas metal:troilite:chromite
abundance ratio is 45:45:10. The Fe-Ni metal is bimodal and occurs
dominantly as dusty grains within the chondrule mesostasis,
whereas matrix metal grains are generally coarser, anhedral to
subhedral and interstitial. Conjoined metal-troilite, kamacite-
taenite grains and taenite droplets, though rare in the chondrule,
are more common in the matrix. Troilites are patchy, ragged in
appearance and associated with kamacite grains. Chromites are
anhedral with an average size of 0.05 mm across. The chromite,
chlorapatite and merrillite grains include the accessory phases.
A porous matrix, though less common, mostly resembles a
shock-melted diaplectic feldspar glass and is further discussed in
detail under the shock metamorphism section (Fig. 8a).
The olivine composition of the silicate matrix is uniform (Fa:
20.5). Rim olivine does not differ from matrix and it is a part of BO
chondrule only. Matrix olivines near the melt vein (Fa: 19.9) and
within the melt vein (Fa: 38.5) show a sharp contrast and this Fe
enrichment is accounted for shock-induced partial melting of
olivine (Supplementary Table 13). Low-Ca pyroxene composition of
thematrix is also fairly uniform in composition (Fs18.2e19.1Wo0.9e1.3;
Supplementary Table 13). High-Ca pyroxene is mostly present as
microcrystalline interstitial phase (En45.6Fs7.3Wo47.1). The matrix, in
general, shows evidences of recrystallization through solid state
diffusion process. This also led the interstitial glass to become
devitriﬁed, characterized by micrographic texture composed of
octahedral sets of clinopyroxene crystallites (En 44.87Fs6.59Wo48.55)
in a host of albitic glass (An16.0) (Fig. 8b). Interstitial secondary
feldspar (An14.63Ab80.91Or4.46) is sparse, and often occurs as feld-
spathic glass of variable composition from very high albitic glass
(An15.99Ab80.75Or3.26) to low albitic glass (An86.09Ab11.05Or2.87)
(Supplementary Table 13). Vesiculatedmatrix glass is characterized
by typical low-K content (An21.62Ab75.86Or2.52).
In contrast to average chromite of H chondrites (w55 wt.%
Cr2O3, 1.5e3 wt.% TiO2 and w3 wt.% MgO; Wlotzka, 2005), the
Dergaon chromite (w100 mm 90 mm) is MgO-enriched (6.14 wt.%)
and depleted in Cr2O3 (51.8 wt.%) and TiO2 (1.42 wt.%)
(Supplementary Tables 13 and 14). The excessMgO and low Cr2O3 is
counterbalanced with clinopyroxene which shows depletion in
MgO (0.5 wt.%) and enrichment in Cr2O3 (1e1.5 wt.%). Thus, Cr# [Cr/
(Crþ Al)] and Fe# values [Fe/(FeþMg)] of Dergaon chondrite (83.8,rmation process and shock-thermal history of the Dergaon chondrite
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Figure 4. Photomicrograph of (a) barred pyroxene, (b) BSE image of radial pyroxene (RP) clast, (c) photomicrograph of glassy (G) chondrule (XPL), and (d) cryptocrystalline (C)
chondrule.
D. Ray et al. / Geoscience Frontiers xxx (2016) 1e11 572.3) are relatively lower as compared to average H group (85.2,
82.7).
Both chlorapatite and merrillite, though rare, occur as consid-
erably large subhedral grains (145 mm across) (Fig. 8c). Dergaon
merrillite is characterized by low CaO and signiﬁcant substitution
of Mg (0.785e0.843) and Na (0.834e0.888) for Cawithmean cation
formula: Ca7.04Mg0.81Fe0.05Na0.86P3.05O16. By contrast, Dergaon
chlorapatite is enriched in both CaO and P2O5 with mean cation
formula: Ca13.8Na0.2P4.3O25 (Supplementary Table 14).
Metal in the Dergaon chondrules is mainly taenites and in the
chondritic matrix it is martensite, except those in the shock-melt
veins and pockets. Martensites are present as discrete grains and
conjoined grains of lowNi kamacite and lowNimartensitic taenites;
a secondarymetastable product of primary high temperature single
taenite phase due to thermalmetamorphism.Martensitic kamacites
are larger in size and are common in the chondrite matrix (Fig. 9).
Larger kamacite grains,max. 200 mmacross (Kamacite-I), areNi-rich
(6.05 wt.%) compared to smaller conjoined kamacite (Kamacite-II)
grains (4.59wt.%) (Supplementary Table 15). Kamacites inproximity
to silicate and sulphide melt veins (Kamacite-III) are S-bearing with
mean Ni 6.64 wt.% and S 0.21 wt.%. Low-Ni martensitic taenites
(Taenite-I) of the matrix show mean Ni 8.43 wt.%, whereas high-Ni
taenites (Taenite-II) of chondrules have mean Ni 12.23 wt.%
(Supplementary Table 16). Taenites in proximity to silicate and
sulphide-melt veins (Taenite-III) are S-bearing, high-Ni types with
mean Ni 12.67 wt.% and S 0.78 wt.%.
Among three modes of troilites, type I is restricted within the
chondrule and type II exists in the matrix as metal-troilite
conjoined grains, which is Ni free with stoichiometric S contentPlease cite this article in press as: Ray, D., et al., Insights into chondrule fo
(H4-5), Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.0(36.2e36.3 wt.%) (Supplementary Table 17). The type III troilite
occurs as melt pockets and melt veins, which is Ni-bearing with
depleted S (mean 35.7 wt.%).
4. Thermal metamorphism
The textural and mineralogical parameters of the Dergaon
chondrite following Van Schmus and Wood (1967) deﬁne a tran-
sitional phase of thermal metamorphism between petrologic types
4 and 5, as opposed to type 5 as deﬁned by Shukla et al. (2005).
Based on a careful and critical observation of the large main mass
and a large measurement area of polished thin sections, types 4, 5
are assigned based on (1) presence of 15% well deﬁned chondrules,
(2) presence of transparent ﬁnely crystalline silicate matrix in
patchy segments, (3) presence of chondrule glass in devitriﬁed
state and (4) presence of interstitial microcrystalline (<2 mm) sec-
ondary feldspar in the silicate matrix (Krot et al., 2005).
We estimated the equilibration temperature of the Dergaon
chondrite using coexisting olivine-chrome-spinel/chromite
(Wlotzka, 2005) and orthopyroxene-clinopyroxene thermometers
(Lindsley, 1983) (Fig. 8). The mean temperature calculated from
olivine-chromite yields a value of 852.6 C which isw100 C higher
than that of the H5 isotherm of Richardton (Fig. 10a). This tem-
perature is not unusual if the time gap between thermal and impact
metamorphism of the Dergaon H4-5 chondrite is short. The evi-
dence of reheating of the partly equilibrated hot chondrite is the
shock melts of metal, troilite and to some extent silicates. Similar
observations have also been found in the Ramsdorf H5 chondrite
(Begemann and Wlotzka, 1969).rmation process and shock-thermal history of the Dergaon chondrite
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Figure 5. Composition of low-Ca pyroxene in different chondrule types. Error bars are
1s.
Figure 6. Al2O3e(FeO þ MgO)e(Na2O þ K2O þ CaO) diagram showing the mesostasis
composition of different chondrule types.
D. Ray et al. / Geoscience Frontiers xxx (2016) 1e116Lindsley’s (1983) two pyroxene thermometers using the Fe-Mg
distribution coefﬁcient provide a mean equilibration temperature
w865.3 C (Fig. 10b). Comparing the data of two thermometers and
considering no variation of [Cr/Cr þ Al)] ratio with respect to KD
values, we imply the temperature as the closure temperature rather
than equilibration temperature. By contrast, the closure tempera-
ture of pyroxene is 100e200 C higher than the olivine-chromite
thermometer. Moreover, the variable Ca content of clinopyroxene
yields higher values (McSween and Patchen, 1989). Thus, a mean
equilibration temperature of 865 C is more realistic. The lowering
of at least 100 C is reasonably accepted due to post-shock
reheating and therefore reduces the equilibration temperature to
765 C and it is comparable with mean estimate of 715 C for shock
heated H5 chondrites (Wlotzka, 2005).
5. Shock metamorphism
Ubiquitous evidence for the equilibrium shock effect in the
Dergaon chondrite is offered by planar fractures (PF) within the
olivine and pyroxene grains. Optical evidence of weakmosaicism in
olivine and diaplectic plagioclase glass suggests for shock stage up
to S5 corresponding to shock pressure>45 GPa (Stöfﬂer et al., 1991).
Following Bennett and McSween (1996), the presence of opaque
melt veins, polycrystalline troilite and immiscible metal-troilite
droplets and their incipient scale mixing, as indicated from S-
bearing metal and Ni-bearing sulphide, also conﬁrm a shock stage
S5 for Dergaon chondrite.
The Dergaon chondrite exhibits three distinguishing features
related to shock-induced melting. These are localized silicate meltPlease cite this article in press as: Ray, D., et al., Insights into chondrule fo
(H4-5), Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.0pockets and veins, sulphide melt pockets and vein and vesiculation
of shock-melted feldspar glass under low pressure resulting in
spongy, porous appearance of the matrix.
Silicate melt veins are rare and unusual in the Dergaon chon-
drite (Fig. 11). The presence of several subparallel prominent brittle
fractures in the chondrules and matrix adjoining the melt vein and
the occurrence of sympathetically oriented ﬁssure-ﬁlled sulphide
veinlets argue in favour of a shock induced impact origin.
Furthermore, the BSE image coupled with EPMA data of the silicate
melt vein (20e50 mm wide) suggests a grayish white olivine-
dominated melt fraction, possibly derived from partial melting of
olivine (Supplementary Table 18). This dense melt shows a limited
degree of vesiculation due to post-shock cooling under low pres-
sure. Furthermore, the melt-vein frequently includes partially
melted dark gray and light gray irregular patches (10e50 mm) of Ca-
rich and Na-rich feldspathic glasses as rafts amidst dense melt. The
light gray melt fraction is derived from partially melted high-Ca
pyroxene (Supplementary Table 18; Fig. 12). Interestingly, the
olivine-like melt phase is more fayalitic (mean Fa 39.9 mole%) as
compared to chondritic mean olivine composition (Fa 20.3 mole%),
whereas the partly assimilated feldspathic glass is more anorthitic
(An 67.8 mole%) as compared to chondritic feldspar (An 13.3mole%;
Supplementary Table 18). Post-shock cooling of the melt vein alsormation process and shock-thermal history of the Dergaon chondrite
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Figure 7. BSE image of compound chondrule (a) PO-PO chondrule and (b) PO-RP
chondrule.
Figure 8. BSE image of (a) vesicular matrix, (b) clinopyroxene streaks within matrix
and (c) merrillite.
D. Ray et al. / Geoscience Frontiers xxx (2016) 1e11 7favours local quenching of olivine crystallites which are relatively
MgO-rich and FeO-poor with respect to coexisting olivine melt
(Fig. 11; Supplementary Table 19) and there is a very subtle differ-
ence between the former olivine melt and mean composition of
partially melt olivine.
Networks of troilite veins in association with troilite melt
pockets are noted in proximity to the silicate melt vein (Fig. 11).
Troilite melt veins (2e10 mm) usually follow the shock-induced
micro ﬁssures present in the silicate matrix as well as in the
chondrules of the adjoining area. Though typical metal-troilite
eutectic texture is absent, there is however an association of
metal-troilite droplets and metal grains in the silicate-sulphide
melt region suggesting their melting as immiscible phases.
Compositionally, these kamacites and troilites are similar to the
Kamacite III and Troilite III (Supplementary Tables 16 and 17).
The vesicular matrix is quite signiﬁcant in the high chondrule-
matrix ratio bearing Dergaon chondrite. Texturally, this matrix is
charged with innumerable metal dust particles and contains
numerous tiny vesicles of varying size and shape. Compositionally,
it is non-stoichiometric (cation sum: 4.667e4.946) feldspar of
variable composition, An 15.64e27.60 (mean 21.62), Ab
69.65e82.07 (mean 75.86), Or 2.29e2.75 (mean 2.52) and espe-
cially corresponds to shock induced melting on local scale (Fig. 8a).
6. Discussion
The Dergaon H chondrite points to several signiﬁcant observa-
tions related to nebular and asteroidal processes.Please cite this article in press as: Ray, D., et al., Insights into chondrule fo
(H4-5), Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.06.1. Texture and composition of chondrules
Our study shows a high chondrule density in the Dergaon
chondrite, andw15% of the total chondrules belong to a compound
variety. These two observations suggest that the Dergaon chondrite
accreted in a chondrule-rich environment and the ﬂight distance
between the place of chondrule formation and their accumulation
was not very far suggesting their ﬁnal settling in a plastic stagermation process and shock-thermal history of the Dergaon chondrite
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Figure 9. BSE image of (a) conjoined grain of kamacite and chromite, (b) disseminated
taenite beads and inclusion of silicates within kamacite. Kam: Kamacite; Chr: Chro-
mite; Taen: Taenite.
Figure 10. (a) Isotherm diagram for the Dergaon chromite (open symbol). Chrome
spinel (ﬁlled symbol) and chromite (as grey polygon) for Richardton (H5) are also
shown (after Wlotzka, 2005). (b) Coexisting high-Ca and low-Ca pyroxene plots in
pyroxene quadrilateral (in 1 atm; after Lindsley, 1983).
D. Ray et al. / Geoscience Frontiers xxx (2016) 1e118before solidiﬁcation. Therefore, chondrule formation by impact
could be the possible mechanism for Dergaon since the sites of
chondrule formation and chondrite formation are close in time and
space (Sears, 2004). On average, the large size and rounded to
nearly rounded shape of the majority of chondrules in Dergaon
chondrite ascribe to lack of any major stress due to incumbent load
or shock except some occurrences of BO and BP chondrule clasts.
In BO chondrules, textural dissimilarities of either parallel ori-
ented bars or, diversely oriented bars are experimentally explained
due to variability of cooling rate (Weisberg, 1987). However, un-
certainty exists on the nature of the precursor (i.e. homogeneous/
heterogeneous) to BO chondrules. Our observation suggests that
the precursor could be homogeneous feldspathic glass rich in Si, Al
and Na and it is noted in one BO clast with feldspathic glass
composition (An11.9Ab85.6Or2.5). By contrast, heterogeneity of the
BO matrix may be explained by mixing of three end members: an
olivine-rich component, a high temperature refractory-rich
component containing Al2O3, TiO2, Cr2O3 and CaO and a low tem-
perature volatile-rich alkali component. Some mesostasis of Der-
gaon BO exhibit a heterogeneous nature and are likely to be
enriched by refractory components (Al, Ti, Cr, Fe and Ca).
The RP chondrule interestingly contains a single olivine grain
(Fa20.4) and a trapped melt fraction in the form of subcalcic py-
roxene (En67.5Fs13.8Wo21.4). This single olivine could be envisaged
either a relict exotic grain or, an early crystallized olivine underPlease cite this article in press as: Ray, D., et al., Insights into chondrule fo
(H4-5), Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.0super cooled condition. Based on the compositional plots of the
trapped melt and the coexisting low-Ca pyroxene ﬁbre in an
experimental phase diagram at 1 atm pressure crystallization, the
temperature of the RP chondrule is estimated as 800 C.
Overall, the Dergaon G chondrules are rich in SiO2 and FeO and
indicate that they are produced from material of low liquidus
temperature that easily undergoes complete melting (Nagahara,
1983). Thus, such chondrules are not considered as a product of
intensive heating and large cooling rates.
Similar texture and mean olivine composition (primary Fa: 19.9,
secondary Fa: 19.3) of the sibling compound chondrule infer their
crystallization approximately at the same time from a single ﬂash
heating event, although the primary one is larger in size (0.77 mm)
and coarser in texture compared to that of secondary nucleated
earlier at relatively slow cooling rate (Wasson, 1993).
The PO-RP independent compound chondrules suggest that the
PO chondrule is primary and acted like a relict object analogous to
relict maﬁc silicate grain reported in some other independent
chondrules (Nagahara, 1981; Rambaldi, 1981). RP chondrule
mesostasis of PO- RP is enriched in both Fe-Mg and Ca-Na com-
ponents in comparison to initial Fe-Mg rich mesostasis of normal
RP chondrules. It appears that the feldspathic mesostasis of
enveloped PO chondrule had some contribution in the enveloping
RP chondrule during its solidiﬁcation and possibly both chondrules
were in semi-molten state during fusion.
6.2. Formation of chondrules and their mesostasis
We further examined the major element fractionation pattern
during crystallization of the various chondrule mesostasis using
three parameters, alumina (Al2O3), calc-alkali (CaO þ Na2O þ K2O)
and ferro-magnesia content (FeO þ MgO). Limited data plots ofrmation process and shock-thermal history of the Dergaon chondrite
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Figure 11. BSE image of silicate melt vein. (a) Frequent presence of metal globules
within the melt vein which shows dark and light patches. (b) Melt vein displacement
by late fractures. (c) Vesiculated melt vein associated with troilite veinlets.
Figure 12. Al2O3e(FeO þ MgO)e(Na2O þ K2O þ CaO) diagram showing the compo-
sition of different melt fractions (olivine-rich, high-Ca rich, feldspathic and albitic) of
silicate melt vein.
D. Ray et al. / Geoscience Frontiers xxx (2016) 1e11 9chondrule mesostasis in a triangular diagram explain some signif-
icant relationships about the nature of melt fractionations (Fig. 6).
(1) Two distinct parallel fractionation trends, both leading to
alumina enrichment are present in mesostasis of PO chondules.
Early stage of melt fractionation was initiated from a high-Ca
rich melt (50% calc-alkali þ 50% iron-magnesia) and pro-
gressed to a mixed melt phase composed of alumina (A): calc-
alkali (C): iron-magnesium (M) in the ratio of 50:30:20. LatePlease cite this article in press as: Ray, D., et al., Insights into chondrule fo
(H4-5), Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.0stage melt fractionation progressed from feldspar dominated
mixedmelt phase (A:C:M¼ 50:40:10) to an alumina-rich (70%)
calc-alkali (feldspathic) melt composition which is consistent
with glass-poor PO chondrules.
(2) Melt fractionation in POP mesostasis is similar to late stage
fractionation trend of PO chondrule from feldspar dominated
mixed melt phase (A:C:M ¼ 50:40:10) to more alumina-rich
(72%), calc-alkali (feldspathic) melt composition.
(3) Melt fractionation trend in PP mesostasis is exclusively
restricted within calc-alkali (feldspathic) melt composition
with progressive enrichment to 75% Al2O3.
(4) Melt fractionation is generally absent either in BO or, in BP
mesostasis.
(5) Melt fractionation in non-porphyritic chondrule mesostasis
differs as compared to the porphyritic counterpart. Parallel
trends from the Fe-Mg corner to a melt composition equally
enriched in all the three end members are present in both G
and RP chondrule mesostasis respectively.
(6) Generally, C chondrules represent precursors of different
chondrule types. Hence, in Dergaon, only the single C chon-
drule closely resembles the initial melt composition of PO type.
The initial melt composition and fractionation trend for
porphyritic chondrules (PO in particular) and non-porphyritic
chondrules (RP and G in particular) are markedly distinct in
Dergaon chondrite. We propose the initial melt composition of
the porphyritic chondrules is comparable to high-Ca pyroxene
whereas for non-porphyritic chondrules, it is close to Mg-rich
subcalcic pyroxene. A non-porphyritic fractionation trend
leads to coupled enrichment of both alkali (Na2O þ K2O) and
alumino-silicate (SiO2 þ Al2O3), whereas the two-stage frac-
tionation trend of porphyritic type leads to coupled enrichment
of alkali and alumino-silicate in the ﬁrst stage followed by sole
alumina enrichment in the second phase.
The nature of the chondrules and their diversity provide insights
into the conditions of the early solar system. As many as ten vari-
eties of chondrules belonging to both porphyritic and non-
porphyritic varieties and their well delineated outlines charac-
terize the Dergaon chondrite. Absence of CAIs, diverse mineralogy
and igneous textures of the chondrules suggest their formationrmation process and shock-thermal history of the Dergaon chondrite
2.005
D. Ray et al. / Geoscience Frontiers xxx (2016) 1e1110frommelt through crystallization under variable rate of cooling and
duration.
Our petrological interpretations resemble the experimental
analogs of Nagahara (1983) and it suggested that the precursor of
the RP texture is a pyroxene melt and its silica-enriched bulk
composition further suggests the formation at a relatively lower
temperature as compared to the BO chondrules. Single and multi-
ple points of eccentroradial ﬁbres imply the single and multiple
nucleation sites of the pyroxene melt. Variable cooling rate
(1e100 C/h) basically controls the width of pyroxene ﬁbres and
Dergaon RP chondrule is no exception to comply both the rapid and
slow cooling rates (Fig. 4b).
As discussed earlier, Dergaon chondrules, irrespective of types,
belong to type II (FeO-rich) but with variable olivine-pyroxene ra-
tios denoting A (olivine-rich), AB and B (pyroxene-rich) categories.
Based on experimental analogs after Nagahara et al. (1994) and
Huang et al. (1996) for chondrule and matrix formation, it is sug-
gested that the formation of Dergaon chondrules is likely to occur
in a hot, dust-enriched, highly oxidized nebular environment
through melting atw1650 C for the non-porphyritic (RP) precur-
sor [Fe/(Fe þ Mg) ¼ 0.3209] and at w1590 C for the porphyritic
(PO) precursor [Fe/(FeþMg) ¼ 0.2329] and without any signiﬁcant
evaporation. This was followed by cooling following the olivine-
liquid phase boundary. The presence of type AB and type A chon-
drules with an increase of olivine-pyroxene ratios in Dergaon in-
dicates an arrested reducing condition during the major
evaporation loss of K. Chlorapatite andmerillite bear signiﬁcance to
acidic accretionary environment, especially for the chondritic ma-
trix. Experimental studies suggested faster dissolution of both the
minerals under acidic condition as compared to ﬂuorapatite and it
means that both of them have higher phosphate solubility under
acidic environment. Based on reactive transport modelling (Adcock
et al., 2013), it is also inferred that chlorapatite dissolution occurs at
a greater depth as compared tomerrillite and the rate of dissolution
vis-à-vis phosphate release on Mars and other asteroid bodies is
much faster than on Earth. In Dergaon chondrite, presence of the
two phosphates and predominance of chlorapatite over merrillite
arguably implies an acidic accretionary environment.
6.3. Thermal metamorphism and thermometry
One of the parameters of Van Schmus and Wood’s (1967)
scheme is the gradual attainment of chemical equilibration
through subsolidus diffusion under the effective role of tempera-
ture. Later, Wlotzka (2005) based on detailed studies of olivine-
chromite thermometry showed that all H and L chondrites of
type 4 to 6 show good isotherm correlations and experienced
essentially the same temperature (H4: 763 C, H5: 774 C and H6:
775 C; L4: 752 C, L5: 754 C and L6: 754 C) within an overall
range of 70 to 100 C. Equilibrated types 4 to 6 differ only in pro-
gressive structural integration which apparently takes place in the
same temperature range over a longer time. Following Van Schmus
and Wood (1967), the Dergaon chondrite resembles the petrologic
type 4-5 and its equilibration temperature based on mean esti-
mates of two thermometers is around 765 C at one atmospheric
pressure (assumed for largest asteroidal parent body) compared to
amean estimate of 715 C for shock heated H5 chondrites (Wlotzka,
2005).
In fact, both low Ni bearing kamacite and taenite of the Dergaon
matrix are martensite because of their cooling from peak meta-
morphic temperature due to solid state transformation from single
phase taenite to taenite þ kamacite (McSween et al., 1988). Grain
boundary nucleation of kamacite and further growth of kamacite
by volume diffusion have been experimentally established in P-free
Fe-Ni system by Reisener and Goldstein (2003). Interestingly,Please cite this article in press as: Ray, D., et al., Insights into chondrule fo
(H4-5), Geoscience Frontiers (2016), http://dx.doi.org/10.1016/j.gsf.2016.0metals in the Dergaon matrix show conjugate grains with a curved
outline at the kamacite-taenite interface, supporting evidences of
martensitization. The largest fraction of kamacite compared to
martensitic taenite in Dergaon matrix implies the most efﬁcient
taenite grain boundary diffusion rate atw670 C and role of Co and
S in the system (Reisener and Goldstein, 2003).
6.4. Shock melting of silicate-metal-sulphide and estimation of
shock pressure and temperature
Shukla et al. (2005) earlier cited evidence for very low shock
metamorphism up to S2-3 (Stöfﬂer et al., 1991). Our study especially
based on large measurement areas, enables us to examine addi-
tional evidence of shock melt veins. It is established that the in-
tensity of impact was high enough to melt both high density
silicate phase olivine and low density silicate phase feldspar.
Additionally, the melt veins also include the metal and troilite to
tiny droplets (10e50 mm diameter) was preferentially aligned
along the melt vein margin and coalescing network of troilite melt
veins following the shock-induced fractures. Xie et al. (2001), based
on experimentally produced shocked chondrites, suggested that
the onset of shock-induced chondritic melt takes place at >78 GPa,
and the onset of olivine melting at 70 GPa. Based on melting of
olivine (Fe-rich olivine melt vein and quenched Mg-rich olivine
microcrystallites under low pressure), Fe-Ni metal (metal droplets
along vein margin and irregular metal blebs in the central part of
the melt vein), troilite melt pockets and veins, and ﬁnally, forma-
tion of shock-melted glass from matrix plagioclase, we infer that
the Dergaon chondrite underwent shock melting process with a
peak shock pressure up to 75 GPa locally resulting in the formation
of melt zones. Post-shock decompression under low pressure
induced quenched olivine crystallites profuse vesiculation in
shock-melted feldspar and limited vesiculation in olivine melt.
Metal-sulphide melt droplets adjacent to larger opaque grains and
within silicate melt pockets and veins indicate partial melting at or
above 950 C (Heymann, 1967). Therefore, the P-T estimate of the
shock metamorphism that involved shock melting of silicates,
metals and troilites in the Dergaon chondrite is w75 GPa and
above 950 C.
According to Rubin (2004), impact-driven shear processes and
mild tomoderate shock have potential to produce localizedmelting
of troilite in shock stage S1-S2 ordinary chondrites during meta-
morphism but textural evidence of irregularly shaped troilite grains
in clusters should be available in some taenite grains next to larger
grains of troilite. Similar texture is absent in Dergaon and therefore
we argue against the low shock stage and favour localized higher
shock pressure.
6.5. Devolatilization and loss of K
On this aspect, two of our observations, high chondrule-matrix
ratio and the vesicular matrix bear some signiﬁcance. The former
implies depleted volatile components which are generally located
in the matrix and the latter explains the loss of K due to shock as
indicated by formation of shock-melted plagioclase and profuse
vesiculation during post-shock decompression stage under low
pressure (Chen and El Goresy, 2000). Furthermore, quenched
microcrystalline phases as recorded in the Dergaon chondrite are
generally formed under low pressure in the shock-melt vein of H
chondrites in contrast to high pressure polymorphs and high
pressure quenched melt textures of L chondrites (Xie et al., 2001).
Therefore, the lack of high pressure silicate polymorphs, the pres-
ence of Fe-enriched olivine crystallites in the melt vein, the partial
melting of metal and sulphides without any immiscible inter-
growth and the spongy porous feldspathic matrix due to profusermation process and shock-thermal history of the Dergaon chondrite
2.005
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sulphide melts in the Dergaon chondrite.
7. Conclusions
The Dergaon chondrite represents the chondrule enriched
segment of the H chondrite parent body. Accumulation of diverse
chondrule types in volatile-depleted, phosphate-bearing silicate
matrix indicates an acidic environment. The petrology of chon-
drules suggests impact-melt origin through fractionation from two
different melt precursors, and that their accumulation site was not
far from its impact source. As mean Fa and Fs of chondrule olivine
and pyroxene mainly control the bulk Fe/(Fe þ Mg) ratio of chon-
drules of variable olivine-pyroxene ratio, both oxidizing and
reducing nebular environment are suggested for type II (FeO-rich)
chondrules based on experimental phase relations.
Longer duration static metamorphism at w1 atmospheric
pressure andw765 C mean temperature accounts for the textural
integration and chemical homogenization of the Dergaon chondrite
that leads to a petrologic type 4-5. In contrast, shock-induced tex-
tures supplemented with phase chemistry implies shock stage S5
that corresponds to shock pressure and post-shock temperature,
>45 GPa and 600 C respectively. Peak shock metamorphism at
w75 GPa and above 950 C is reasonable as the chondrite shows
local-scale shear melt silicate veins associated with melt-quenched
olivine crystallites, troilite-melt veins and metal globules. The ve-
sicular texture in shock-melted feldspar and concomitant loss of K
were attained during the post-shock decompression stage under
low pressure.
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